Aquaculture production is projected to expand from land-based operations to the open ocean as demand for seafood grows and competition increases for inputs to land-based aquaculture, such as freshwater and suitable land. In contrast to land-based production, open-ocean aquaculture is constrained by oceanographic factors, such as current speeds and seawater temperature, which are dynamic in time and space, and cannot easily be controlled. As such, the potential for offshore aquaculture to increase seafood production is tied to the physical state of the oceans. We employ a novel spatial model to estimate the potential of open-ocean finfish aquaculture globally, given physical, biological and technological constraints. Finfish growth potential for three common aquaculture species representing different thermal guilds-Atlantic salmon (Salmo salar), gilthead seabream (Sparus aurata) and cobia (Rachycentron canadum)-is compared across species and regions and with climate change, based on outputs of a high-resolution global climate model. Globally, there are ample areas that are physically suitable for fish growth and potential expansion of the nascent aquaculture industry. The effects of climate change are heterogeneous across species and regions, but areas with existing aquaculture industries are likely to see increases in growth rates. In areas where climate change results in reduced growth rates, adaptation measures, such as selective breeding, can probably offset potential production losses.
Introduction
Aquaculture is one of the fastest growing animal food production sectors [1] , and production will probably continue to grow to meet rising demand for seafood [2] . Currently, most aquaculture takes place in land-based ponds or raceways or near the coast in cages and net-pens [3] , but sustained growth in these sectors may be limited. For example, constraints to the expansion of traditional land-based systems include limited availability of freshwater, competition for suitable land and high rates of disease [4] . Similarly, coastal aquaculture is constrained by suitable space, competition with other sectors, such as wild capture fisheries, and anthropogenic and natural impacts on coastal ecosystems, such as pollution and hurricanes, respectively [5, 6] . In contrast, open-ocean aquaculture, where production is located away from the coastal zone and in the open ocean (see [7, 8] for discussions of technical definitions of open-ocean aquaculture), has been identified as one of several technologies that can help increase aquaculture production while avoiding these constraints [9] [10] [11] [12] . However, the potential for open-ocean aquaculture to contribute to seafood production is poorly understood, especially in terms of changes in the state of key physical-ocean parameters, driven by climate change.
Engineering technology for farming seafood in the open ocean has improved from rudimentary cages to robotic pens that can be submerged to withstand or avoid challenging oceanic conditions [5, 13] . However, control of ambient conditions (e.g. ocean currents and temperature), which strongly impact the growth of individual fish and the overall farm productivity, remains a challenge [14] . On land, control of ambient conditions is less problematic, as the culture environment is relatively easy to manipulate. For example, on-land aquaculturists modify and maintain water temperature, dissolved oxygen levels, water quality and other environmental parameters at desirable levels [13] . In open-ocean environments, aquaculturalists have minimal control over the environment, but instead rely on ocean currents to provide clean water and remove waste from farms [15] . As a consequence, fish growth and production are likely strongly constrained by the physical state of the ocean, including ambient seawater temperatures.
The relationship between temperature and somatic growth for cultured fish (and organisms in general) is commonly referred to as a thermal performance curve (TPC) for growth, and the shape varies across species, populations, and individuals and shifts with ontogeny and acclimation [16 -18] . Many species exhibit a tent-like relationship, with growth rates increasing from zero-growth at a specific low temperature, increasing to a maximum at an intermediate temperature, and then decreasing back to zero-growth at a maximum temperature [19] . Given the relatively constrained environmental requirements of broodstock and early lifestage fish [20] , offshore aquaculturists typically maintain broodstock and larviculture production on land, where temperatures are controlled to maximize health and production per unit of feed [21, 22] . However, once fish reach juvenile stages (e.g. 5-100 g), they are transferred to openocean cages or pens for grow-out. During grow-out, the major constraint to growth and the overall production of the open-ocean farm is ambient water temperatures [19, 22] .
Surface ocean temperatures vary at a range of temporal scales, from sub-daily to seasonal to inter-annual scales; and, as a consequence, the growth of wild and farmed fish also varies. For example, El Niñ o is known to dramatically change the temperature profile of coastlines on both the western and eastern sides of the Pacific, with large consequences for fish population growth and wild capture fisheries landings [23] . In terms of climate change, the oceans are expected to warm in the coming decades as carbon emissions continue, following the A1B and representative concentration pathway þ8.5 W m 22 scenarios (from the IPCC assessment report 4 and 5 respectively). Model projections suggest that global average surface warming will be in the range of 2-58C by the end of the century [24] . Further, warming will be heterogeneous across space, with some locations warming more than others. Advances in model resolution have shed light on how coastal zones will change under high-carbon climate change scenarios [25] . New high-resolution models have identified that coarse-scale global models, previously used in the IPCC assessment reports 4 and 5 for example, underestimate the rate at which coastal areas will warm. For example, warming in the Northwest Atlantic, in high-resolution models, is twice that of the course global models. This warming is likely to impact the location of fish stocks (e.g. [26] ), as well as the productivity of aquaculture operations. Faced with increasing or decreasing ocean temperatures over the lifespan of a commercial operation, aquaculturists have several choices. Operations can be moved to a more favourable environment, although this can be economically costly, logistically difficult and politically challenging [14] . Another option is to culture a different species whose TPC for growth more closely aligns with the new environmental conditions. Switching species can require developing new expertise among staff, additional permitting approval and fees, and access to viable broodstock [27] . Finally, farmers can employ selective breeding programmes aimed at altering the TPC for growth of the culture species, in an attempt to overcome impacts of climate change in the operational area. All of these adaptations rely on knowing how temperatures and fish growth will change in the future.
Here, we build upon previous global open-ocean aquaculture studies (e.g. [14, 28] ) to quantify the dynamic growth potential of open-ocean finfish aquaculture, accounting for changes in ocean temperature and currents driven by a business-as-usual carbon emissions scenario. Oceanic changes are assessed by means of modelled data produced from an Earth System Model with high spatial resolution, allowing us to capture projected changes in both coastal and pelagic zones. Specifically, we focus on three commonly farmed marine finfish species-Atlantic salmon (Salmo salar), gilthead seabream (Sparus aurata) and cobia (Rachycentron canadum)-each varying in the shape and position of their TPCs for growth.
Methods
We use simple models of individual growth for three finfish species, each selected for their varying TPCs for growth, thermal guild, availability of temperature-dependent growth data, and role in current aquaculture production: (i) Atlantic salmon was selected as a well-studied, subpolar-temperate fish with a large role in the aquaculture sector; (ii) gilthead seabream was selected as a well-studied, temperate-subtropical fish with a moderate role in aquaculture; and (iii) cobia was selected as a well-studied, subtropical-tropical fish with an emerging role in the aquaculture sector. In 2013, Atlantic salmon, gilthead seabream and cobia made up 31.4%, 2.6% and 0.7%, respectively, of all brackish and marine finfish aquaculture production by tonnage [29] .
(a) Modelling the growth of individual fish
For each species-salmon, seabream and cobia-the somatic growth of an individual fish (G; kg per month) is modelled as a temperature-dependent piecewise linear function:
where T is sea surface temperature in 8C, T o is the optimal temperature for growth in 8C, and a 1 and a 2 are slope parameters (kg per month per 8C), and b 1 , and b 2 are intercept parameters (kg per month). At temperatures below the minimum temperature for growth (T min , b 1 /a 1 ) and above the maximum temperature for growth (T max , 2b 2 /a 2 ), G is forced to 0 to reflect the absence of growth. Where a 2 is negative,
. Values of these constants were determined based on temperature and growth studies from industry and academic literature (figure 1; electronic supplementary material, tables S1 and S2). Although TPCs are often more accurately described by nonlinear functions, for example exponentially modified Gaussian distributions [30] , there are insufficient data to parameterize nonlinear performance curves across the grow-out period for most aquaculture-relevant species. As a result, we use a simplified piecewise linear function as it captures the main qualitative features of most thermal performance curves-an optimal growth temperature and two extremes, a minimum and maximum, where growth stops. Our thermal performance curves, while highly simplified, capture the main bounds to growth found in other studies [31] . Further, we constrain our analysis to only consider growth within the rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170834 top 25% of each thermal performance curve, therefore avoiding sub-optimal growth and lethal temperature thresholds.
(b) Modelled global ocean data
Present and future global sea-surface temperatures and horizontal ocean current data-fields were obtained from the Geophysical Fluid Dynamics Laboratory's Earth System Model CM2.6. The model runs with a grid spacing varying from 11 km at the equator to less than 4 km at high latitudes, and, as a consequence, simulates a highly realistic distribution of ocean features, from eddy-kinetic energy to regional-scale patterns of ocean currents and sea-surface temperature [32, 33] . We obtained modelled sea-surface temperature and near-surface current speeds for the period 2016-2050 (electronic supplementary material, figure S1 ). CM2.6 projections were produced following a sensitivity experiment wherein carbon dioxide emissions were increased 1% per year until atmospheric concentrations were double that of preindustrial conditions. This scenario describes extremely fast warming, with atmospheric carbon dioxide concentrations doubling preindustrial conditions within 70 years. These data were obtained at a monthly resolution and used to force the biological growth model described above.
(c) Spatial constraints
Additional factors that can constrain open-ocean aquaculture production are included as static variables, where farming is presumed to not exist where the constraints are present. Physical constraints include unfavourably strong currents (more than 100 cm s 21 [28] ) and depths beyond what is currently feasible for open-ocean operations (more than 2000 m). While areas with chronic or acute low current speeds can present operational challenges for marine aquaculture (e.g. poor nutrient dispersal, low dissolved oxygen levels and increased risks of disease outbreaks) [8, 34] , we do not constrain production by a minimum current due to emerging technological solutions (e.g. submergence, at-sea oxygenation and antifouling mesh) to overcome these challenges [35 -38] . Additionally, past models have limited production to areas with depths of less than 50 m [28, 39] , but we use larger values due to the success of recent single-point mooring operations which can operate at greater depths [40] . Given the substantial investment required for development of openocean aquaculture enterprises, it is most likely that operations will be established in national waters, where there is likely to be less ambiguity concerning property rights and regulatory pathways [14] . As such, operations are also constrained to waters within national economic exclusion zones. Individual growth potential for each species is estimated and presented with and without spatial constraints.
(d) Adaptation measures
To investigate the possibility for adaptation to climate changes through selective breeding programmes, we calculate the changes in the shape of TPCs that would be required for each of the three species to maintain 2016 production levels through 2050. Two goals of selective breeding are explored. Where growth decreases due to unfavourable temperatures, farmers can select for increased growth rates across a range of temperatures or select for horizontally shifted TPCs, such that the optimal temperature for growth is higher or lower. The absolute change and rate of change that growth must increase or TPCs must shift (as determined by a linear regression of annual sums for each cell) are compared with the modifications that have been accomplished in historical selective breeding programmes [41, 42] .
Results (a) Global growth potential for open-ocean aquaculture
The three species in this study were chosen to represent three broad thermal zones. Salmon grow fastest in sub-polar and temperate waters, seabream in temperate and sub-tropical waters, and cobia in sub-tropical and tropical waters. Based on the average monthly growth potential between 2016 and 2020, the temperate species (seabream) has the greatest overall area available for farming in the top 25% of its TPC (195. 6 (b) Regional growth potential
At regional and national scales, there is substantial variability in growth potential and expected change over the 35 year time period, with locations seeing no change, increases, or decreases in the growth potential of each species. For example, the temperature increase along the western coast of the United States decreases the potential growth of salmon, increases seabream growth, but remains mostly too cold for cobia ( figure 2b,d,f ) . In the warmer waters of Southeast Asia, Figure 1 . Thermal performance curves (TPCs) for growth for three commercially important aquaculture species: Atlantic salmon, gilthead seabream and cobia. Circles indicate the minimum, optimal, and maximum temperatures and growth rate for each species, and squares indicate the minimum temperatures and growth rates for each species that are within the top 25% of the TPC.
rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170834 increased water temperatures remain too warm for salmon, exceed the optimal for seabream and inhibit growth, and increase cobia growth ( figure 2b,d,f ) . Countries near thermal gradients or with large EEZs, such as Australia, may also experience both decreases and increases of growth potential for individual species. For example, salmon growth rates decrease north of Tasmania in southeastern Australia but increase in offshore areas south of Tasmania. Seabream growth rates decrease off the northern half of the country and increase in the south. And cobia growth rates decrease in the north and increase off both central coasts ( figure 2b,d,f ) . Other areas, such as central western Africa, may see decreased growth as water temperatures become too warm for salmon, seabream and cobia ( figure 2b,d,f ) . 
Discussion
This analysis of growth potential for three species of finfish indicates that there are substantial areas that are physically suitable for fish growth and potential expansion of the nascent open-ocean aquaculture industry. Similar to previous analyses of open-ocean farming development, potential farm area is highly constrained by depth, currents, and area within economic exclusions zones [28] . Areas suitable for growth are globally distributed, meaning that, from a biological perspective, there are likely to be opportunities for open-ocean aquaculture development in a diversity of regions and countries. Operations could be sited in developing countries to increase food security through income generation or increased access to seafood or in developed countries to reduce seafood trade deficits [43, 44] . Operations could also be sited near end markets to reduce costs and greenhouse gas emissions associated with shipping fresh seafood [45] . Areas of growth potential exhibit a shift away from the equator and towards the poles as ambient water temperatures increase as a result of climate change, similar to observations and models of range shifts in wild fish habitats [46] . In general, as ocean temperatures increase, the equatorial margins of a species growth area become too warm and growth performance is reduced, while polar margins generally see increased growth. For salmon and cobia, the total constrained area in the top 25% of their TPCs expands, indicating that the temperature increase at the polar margins creates more favourable growth area than temperature increases at the equatorial margins ( figure 3a,c) . Total constrained seabream area contracts, indicating that temperatures near the equator get too warm for seabream by a greater amount relative to the expansion of the species' farmed range at high latitudes (figure 3b).
Some current aquaculture locations are sub-optimal from a biological perspective (i.e. outside the top 25% of the TPC), but growth rates will increase as temperatures increase in those areas. For example, year-round water temperatures off Chile are closer to the thermal optimum for Atlantic salmon than waters off Norway, which have large seasonal temperature fluctuations. As a result, the model predicts greater annual growth potential in Chile than Norway, which aligns with current production reports where growout time is shorter in Chile than Norway [47] . Salmon growth potential is expected to increase in both areas due to climate change (figure 4a), which could further incentivize expansion of open-ocean salmon aquaculture. Similarly, there is substantial seabream aquaculture in the Mediterranean Sea and growth potential is expected to increase (figure 4b). Cobia production is currently dominated by China, and growth potential is expected to increase (figure 4c). Openocean aquaculture operations are sited based on numerous factors, not simply biological efficiency. If production remains geographically concentrated in its current location, growth is expected to increase slightly or remain the same across the EEZs of the top 4 producing countries for each species, as the mean slope of the linear regression of annual growth rate in each country is positive ( figure 4) . Selective breeding of culture organisms is a tool that aquaculturists can use to improve the profitability and resource efficiency of their operations [41, 48] . Farmers can also use selective breeding to compensate for growth losses due to non-optimal temperatures, through selection for faster growth or horizontal shifts in TPCs. Historically, most breeding programmes have selected for faster growth rates under a range of grow-out environments [41] . For some species, breeding programmes focused on increasing growth have altered both growth rates and total mass at the end of a grow-out cycle at levels beyond the maximum change to annual growth rates and total annual growth encountered over the 35 years evaluated in this study. For example, reviews of European breeding programmes found that selection for growth in Atlantic salmon increased harvest weight by 12% per generation and cumulative genetic gains in harvest weight over multiple generations of selection were around 200% [41, 42] . Similarly, seabream harvest weight increased by 10-15% per generation with selection, resulting in a cumulative genetic gain in harvest weight over multiple generations of less than 100% [42] . Cobia would likely exhibit similar growth increases with selection, although results have not been reported. These values are greater than the 25-41% total increase in annual growth required to offset the most extreme climate-induced decreases and far exceed the means, indicating that selection for faster growth could offset the potential losses from climate change over the next 35 years.
In contrast to selection for faster growth across all temperatures, few breeding programmes have explicitly selected for shifts in the optimal temperature for growth or in the whole distribution of an organism's TPC, and evidence is mixed that future selection for horizontal shifts in TPCs alone will be adequate to adapt to changing ambient water temperatures. Genotype-by-environment interactions, where a genotype exhibits different growth performance in different environments (including different temperatures), can result in re-ranking in a breeding programme such that a selected individual or genotype performs well at one temperature but poorly in another [49] . For example, a review of genotype-by-environment interactions found that environment explained only a small portion of the variation in growth rates (e.g. 1-5%) when fish from different genotypes were exposed to a range of grow-out conditions [41] , meaning there was little horizontal shift in TPCs. In contrast, another review of genotype-by-environment interactions found strong evidence of re-ranking in rainbow trout and seabream genotypes exposed to different temperatures, indicating that there may be strong genotype-by-environment interactions between growth and temperature and potential for horizontally shifting TPCs [49] . Further, studies of wild fish indicate that cold and warm adapted populations of the same species undergo both absolute changes in the growth rates (e.g. cold adapted populations with shorter growing seasons grow faster at all temperatures) and horizontal shifts in TPCs for growth [50] .
Additional studies are required to better understand the capacity and rate of aquaculture-relevant species to horizontally shift TPCs for growth. Commercial selective breeding programmes often strive to improve fish performance across a range of environments while using juveniles from the same lineage to reduce costs [49, 51] . Consequently, breeding programmes should be reevaluated to the extent that the benefits of employing environment specific breeding programmes (and the resulting horizontal shifts in TPCs for growth) are balanced against the added programmatic costs [52] .
Despite the potential advantages of selective breeding, only 10% of global aquaculture is based on selectively bred stocks [51] . The use of selectively bred fish can pose risks to wild populations and ecosystems [53] . Cultured fish frequently escape from grow-out operations [54] and can interbreed with wild fish of the same species. Interbreeding can lead to reduced genetic variability and outbreeding depression in wild populations [55] . In some cases, governments have restricted the use of selectively bred fish out of concern for nearby wild ecosystems [56] . The production benefits of selective breeding should be evaluated against the potential ecological costs of escapes. In addition, there are limits to gains that can be achieved with selective breeding. Further studies are required to determine the limits to growth increases or modifications of TPCs, especially for species that have already undergone extensive selection for growth (e.g. Atlantic salmon). Genetic modification could also be employed to modify TPCs [57] . It is also important to consider that aquaculture enterprises in some countries may not have access to the capital required to develop effective selective breeding programmes, and extension and financial assistance may be necessary for aquaculturists to successfully adapt to changing environments.
(b) Data limitations
Temperature-dependent growth data are limited for most fish, and in order to project changes in other farmed species, further research is required to establish their TPCs for growth. See electronic supplementary material, §1.0 for additional discussion of data limitations on TPCs and physical oceanography and suggestions for improving future models.
(c) Estimating production in a dynamic industry and environment
This analysis of global growth potential with climate change is an important step towards understanding the likely potential of open-ocean aquaculture to help meet increasing demand for seafood now and in the future. Importantly, actual production is likely further constrained by additional physical, economic, regulatory, ecological and social factors (table 1) . For example, production may be constrained by the scarcity and cost of feeds for culture organisms, fuel to service operations, and specialized equipment to build and maintain facilitates. The environmental impacts of increasing the scale and density of production in the ocean is uncertain, meaning the level of production that can be achieved without negative environmental impacts is unclear [11] . The permitting and regulation of open-ocean aquaculture at the national and international level is also likely to limit production potential, as rules are established to help internalize social costs that are external to the market (e.g. environmental impacts, restrictions on fishing and other uses, and navigation hazards) [14] . Production may be enhanced by synergistic factors such as co-development with other open-ocean industries (e.g. offshore wind rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170834 structures, [58, 59] ) or development on existing offshore structures (e.g. mothballed oil platforms, [60] ). Additional data and modelling efforts that incorporate robust economic and political factors would help determine the regional and global production potential of open-ocean aquaculture. Global climate change can also result in secondary changes to the culture environment that can affect growth and production. Climate change has been linked to changes in the supply of feed inputs to aquaculture such as fishmeal, fish oil, and terrestrially derived ingredients and increased rates of eutrophication, harmful algal blooms, storminess, acidification, and disease [61, 62] . Changing ambient water temperatures can result in the spread of existing pathogens, the increased virulence of existing pathogens, and the emergence of novel pathogens, all of which can reduce growth and diminish farm productivity [62, 63] . Diseases play a large role in determining the profitability of aquaculture enterprises and the suitability of farming areas [64] , but the signal and strength of these interactions are difficult to predict and incorporate into growth models [65] . Temperature is also linked to dissolved oxygen concentrations, and increases in temperature could also result in some areas being oxygen limited for certain species [66] . An improved understanding of the relationship between secondary functions associated with climate change and fish growth would improve estimates of growth potential and production risks.
Conclusion
Current and future ocean conditions will probably play a large role in determining which locations and species are used by the expanding open-ocean aquaculture sector, as ambient water temperature is a primary determinant of growth rates of ectothermic fish and therefore overall production efficiency of farms. This analysis shows that opportunities for open-ocean aquaculture are widely distributed and that although climate change may alter growth potential in many areas, adaptation measures, such as the use of selective breeding programmes, are probably adequate in the short term.
While these estimates of growth rates in open-ocean aquaculture are an important first step, future estimates of production potential and local, regional and global tradeoffs and synergies could help aquaculture enterprises and managers site and develop open-ocean aquaculture in a manner that produces more seafood with fewer environmental impacts. This effort would be enhanced by an improved understanding of the relationship between growth and temperature (e.g. analyses based on population-specific TPCs) and other environmental factors in an open-ocean aquaculture context. Further, this effort reinforces that biophysical spatial models can be a powerful tool for understanding and optimizing the development of naturalresource based economic sectors in the face of current and future environmental conditions. Data accessibility. The underlying dataset used in this study is the United States Department of Commerce, National Oceanic and Atmospheric Administration, Geophysical Fluid Dynamics Laboratory's (GFDL) Earth System Model CM2.6. Contact information at GFDL to obtain the large dataset is available here: https://www.gfdl.noaa.gov/ high-resolution-climate-modeling/. [5, 67] wave climate [5] seabed characteristics [5] proximity to infrastructure (e.g. ports) [5] economic factors input costs (e.g. feed, fuel, labour) [68] output price [68] regulatory factors permitting [10] conflict with other stakeholders [10] marine spatial planning [12, 69] ecological factors disease [7] harmful algal blooms [5] predators [6] areas with sensitive or vulnerable ecosystems [6] areas of ecological significance [6] social factors social licence to operate [10, 70] rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170834
